The major histocompatibility complex class II (MHC-II) genes are regulated at the level of transcription. Recent studies have shown that chromatin modification is critical for efficient transcription of these genes, and a number of chromatin modifying complexes recruited to MHC-II genes have been described. The MHC-II genes are segregated from each other by a series of chromatin elements, termed MHC-II insulators. Interactions between MHC-insulators and the promoters of MHC-II genes are mediated by the insulator factor CCCTC-binding protein and are critical for efficient expression. This regulatory mechanism provides a novel view of how the entire MHC-II locus is assembled architecturally and can be coordinately controlled.
Introduction
The major histocompatibility complex class II (MHC-II) genes function to present antigenic peptides to CD4 T cells. As a result of this action adaptive immune responses are initiated, maintained, and regulated. There are three isotypes of classical MHC-II genes in human (HLA-DR, DP, DQ), which are each formed of two polypeptides, α and β chains (A and B genes) ( Figure 1 ). The MHC-II-linked antigen presentation accessory genes (HLA-DM and HLA-DO), as well as the unlinked invariant chain (Ii) gene, which encode proteins that function in translocation and peptide selection/loading of MHC-II molecules, are coordinately regulated with the classical MHC-II genes. MHC-II genes are constitutively expressed by professional antigen presenting cells (macrophages, dendritic cells, and B cells) and in thymic epithelial cells. These genes can be induced in non-immune cells (e.g., fibroblasts, epithelial cells, and endothelial cells, etc.) following exposure to cytokines, of which interferon-γ (IFN-γ) is the most prominent [1] . One molecular genetic regulatory process controls the expression of this system and therefore the ability of cells to present antigens. This review will focus on advancements of the past decade that have determined the complex interplay between the promoter proximal cis-and trans-regulatory elements and the chromatin machinery that serves to activate gene expression, and the newly described chromatin architecture and dynamic organization of the locus.
MHC-II promoter proximal elements and factors
Until recently, control of this system was thought to occur primarily through the action of a highly conserved, promoter proximal, combinatorial cis-regulatory sequence located approximately 100-200 bp upstream of the transcription start site of each MHC-II gene. The sequence consists of the W/S/Z, X1, X2, and Y box elements [2] . NF-Y (nuclear factor-Y) complex, comprised of NF-Ya, NF-Yb, and NF-Yc, binds to the Y box. Due to the histone fold like structure of NF-Yb and NF-Yc [3] , the NF-Y complex is thought to distort and compact the structure of DNA, thereby providing an additional level of specificity for combinatorial transcription factor binding [4, 5] . NF-Y regulates many genes as the Y box contains the CCAAT sequence described many years ago as a canonical regulatory element. The X2 box is bound by CREB (cAMP response element binding protein) [6] , and as its name implies, cAMP-dependent activation pathways modulate CREB's activity in other gene systems. However, although CREB and its phosphorylated form were found at the HLA-DRA X2 box, CREB phosphorylation was not essential and only mildly enhanced class II transcription [7] . CREB's role as a stabilizing partner of the X1 box proteins at the promoter is likely a more important function and a mechanism unique to the MHC-II system [7] .
Studies of bare lymphocyte syndrome (BLS) patient-derived cell lines, which are defective for MHC-II gene expression, identified four complementation groups that were essential for MHC-II gene expression. The genetic bases for three of these were due to mutations in transcription factors that formed the X1 box binding factor RFX: RFX5 (regulatory factor X5), RFXAP, and RFX-B/RFXANK [2] . Solution structure studies of RFX protein domains suggest that the RFX complex likely exists as a heterotetramer with two RFX5 molecules and monomers of RFXAP and RFX-B [8, 9] . Irrespective of MHC-II gene expression, RFX interacts directly with CREB and NF-Y, forming a combinatorial DNA-protein complex on the X-Y box region. By itself this ternary complex is transcriptionally inactive, but is specifically recognized by CIITA (class II transactivator), which is required to activate transcription. CIITA mutations represent the genetic lesion of the fourth BLS complementation group, and of the above factors, is the only one that is rate limiting and highly regulated. As such, the presence/absence of CIITA determines if a cell can express MHC-II genes. Thus, CIITA is the master regulator of this system.
Despite being discovered more than 20 years ago, the role of the W box in this system is still not clear. Early reports suggested that RFX also bound to the W box [10] . In contrast, more recent data suggest that this is not the case as purified RFX complexes did not interact with the W box sequences [11] and mutations in the W box did not affect binding of RFX to the X1 box [12] . Instead, W box mutations led to decreases in CIITA binding [12] . The distance between the W and X box elements was also crucial for CIITA binding, which suggests the possibility of a yet unidentified W-box binding factor at this locus [12] .
CIITA is expressed from three major promoters in a cell type and cytokine dependent manner. Each promoter produces a slightly different N-terminal isoform, but the need if any for distinct isoforms is still not clear. The domain features of CIITA were used to define and discover the NLR/NOD/NACHT family of molecules that play multiple roles in innate immune responses [13, 14] . CIITA was also shown to upregulate human MHC-I genes in response to IFN-γ, although the immunological relevance of this function was not fully established. Most recently, the NLR family member NLRC5 (nucleotide binding domain and leucine rich repeat containing 5) was shown to be the likely factor that is responsible for MHC-I induction by IFN-γ in vivo [15] . NLRC5 does not regulate MHC-II genes. Thus, NLR family members regulate both MHC-I and MHC-II genes. It will be important to ultimately determine how these transcriptional activators are able to function with specificity on the different MHC genes.
Posttranslational modifications of CIITA are important to modulate its function [16] . CIITA phosphorylation is involved in regulating CIITA nuclear localization and self-interaction. Acetylation of CIITA by acetyltransferases PCAF (p300/CBP associated factor) and CBP (CREB binding protein) may be important for its nuclear localization and activity [16] . By contrast, class I histone deacetylase HDAC1 (histone deacetylase 1) had a negative regulatory role by interacting with CIITA to restrict its interaction with the enhanceosome complex [17] , and HDAC2 was shown to directly deacetylate CIITA and target it towards proteasomal degradation [16] . Monoubiquitylation of CIITA stabilizes the protein at the MHC-II promoters, and phosphorylation of a nearby serine residue was required for this modification, which suggests an intricate crosstalk between posttranslational modifications that are necessary for optimal activity of CIITA [18] .
MHC-II epigenetic regulation through histones
Modification or the remodeling of nucleosomes has been shown to be associated with gene expression and silencing [19, 20] . The HLA-DRA gene promoter was one of the first immune system genes in which this connection was demonstrated [21] . At least four multisubunit complexes are recruited to MHC-II promoters to mediate these effects: CBP/p300, STAGA/ ATAC (SPT3-TAF9-GCN5/PCAF/Ada Two-A-containing), COMPASS/MLL (complex associated with Set1/mixed lineage leukemia), and SWI/SNF (mating type switching/ sucrose non-fermenting).
Histone acetylation is important for MHC-II gene expression. Following IFN-γ treatment histone H4 acetylation occurred in parallel with RNA polymerase II recruitment preceding transcriptional initiation, while histone H3 acetylation levels increased with productive mRNA transcription and were dependent on RNA pol II elongation [22] . CBP/p300, PCAF, and GCN5 (general control nonderepressible 5) are histone acetyltransferases (HAT) that are recruited by CIITA to MHC-II promoters [23] [24] [25] . Of these HATs, GCN5 and PCAF function as components of STAGA and ATAC complexes, and with CBP/p300 are likely responsible for all of the activation associated acetylation marks at the MHC-II promoters [26] . CIITA itself has been shown to possess HAT activity as well [27] . The ATPase Sug1, a component of the 19S proteasome complex present in the nucleus, associates with acetylated histone H3 and appears to be required for increased acetylation or stability of this mark at MHC-II promoters. Intriguingly, Sug1 also associates with CBP and this association is important for the recruitment of CBP to MHC-II genes [28] . Histone hyperacetylation through the inhibition of HDACs induced recruitment of enhanceosome components, but also led to the activation of MHC-II gene expression in the absence of CIITA. This suggests that there are multiple roles of histone acetylation at the MHC-II promoters: at least one modifying CIITA and another modifying the chromatin structure such that transcription can be initiated more efficiently [17, 29] .
Several histone methylation marks associated with gene activation are also found at MHC-II promoters. The COMPASS/MLL type complexes are responsible for histone H3 lysine 4 methylation (H3K4me) from yeast to humans and also function at MHC-II genes. These complexes have a core histone methyltransferase (HMT) component accompanied by WDR5 (WD repeat domain 5), ASH2L (ash2-like), and RBBP5 (retinoblastoma binding protein 5) [30] , which were bound at the HLA-DRA promoter [31] . BRE1 (brefeldin A sensitivity 1) and UTX1 (ubiquitously transcribed tetratricopeptide repeat gene on X chromosome 1), which are also involved in COMPASS/MLL related activation of genes, were also recruited to the MHC-II promoters with IFN-γ treatment [18, 32] . Coupled with these events following IFN-γ treatment, was the induced interaction between MLL and PML (promyelocytic leukemia) and relocation of the MHC-II promoters to PML nuclear bodies, which was important for sustaining H3K4me2 at the MHC-II promoters [33] . H3K4me2 histone modification is associated with transcriptional competency of a region and together with relocation to PML bodies, suggests a mechanism of transcriptional memory through chromosomal restructuring that may have a lasting effect on gene expression after the stimulus is removed.
Remodeling of MHC-II promoter nucleosomes by the SWI/SNF complex [34] and nucleosome eviction at the W-X-Y box was also important for proper expression and transcription start site selection of MHC-II genes [35] . The mechanism of establishing the nucleosome free promoter region was unique as it was not mediated by strong nucleosome positioning signals but through binding of the W-X-Y box factors [35] .
With all of these complexes and perhaps other factors functioning to modify the chromatin structure and activate transcription, two important issues can be raised. The first question is whether any of these events are unique to MHC-II genes. Because the chromatin remodeling complexes share components with one another, it is likely that some complex components or their isoforms are specific to this system while others are ubiquitous to all genes. Even if these are ubiquitous events, the second issue is how are these activities coordinated in both time and space at MHC-II promoters. CIITA is clearly the pivotal factor that facilitates the chromatin modification machinery and the activation of the system. As described below, these events are not sufficient to fully express these genes.
Long-range chromosomal regulation of MHC-II
In the late 1980s a distal X-Y box element was identified in the murine I-Ea locus that was associated with its correct tissue specific regulation when introduced as a transgene [36] . In the HLA-DRA system, a functional distal X-Y element was also found [37] . A screen for additional X-Y motifs found 32 non-promoter X box-like (XL) sequences within the MHC-II locus. Like the above sequences, some were functional, having properties similar to the promoter proximal W-X-Y boxes [38] . In contrast to the above elements, the XL9 site, located in the intergenic region between HLA-DRB1 and -DQA1, did not bind RFX or CIITA, had no enhancer activity, but was in chromatin that was highly acetylated [39] . Because XL9 was between the HLA-DR and -DQ subregions, there was the possibility that the region functioned as a chromatin boundary/insulator element.
Chromatin boundary/insulator elements function to organize chromatin into independent regulatory domains [40] . Insulators have the property of being able to block the activity of an enhancer from activating a promoter when placed between them. Some insulators also serve as barriers or boundary elements by preventing the encroachment of heterochromatin into active genes [41] . These activities have been ascribed to CTCF (CCCTC binding factor), although it is likely that CTCF interacts with several other factors to mediate these functions [42] . CTCF, a zinc finger DNA-binding protein that can homodimerize, is associated with the formation of long range chromatin loops between adjacent CTCF sites. Depending on the cell type and genetic context, and likely through the chromatin loops that it organizes, CTCF is ascribed transcriptional repression or activation functions [43] [44] [45] . Because its binding to DNA is methylation dependent, CTCF has been shown to play a major role in genomic imprinting [45] and X-chromosome inactivation in mammals [46] . But precisely how these regulatory events are mediated is not known.
Indeed, CTCF was found to bind to sequences close to XL9, and this region mediated strong enhancer blocking activity [47] . For simplicity, the initial name of the region was retained. Further analyses showed that CTCF interacted with CIITA and was required for a chromatin-looping event between the XL9 and proximal promoter regions of HLA-DRB1 and HLA-DQA1 genes [47] . CTCF depletion by RNAi resulted in a substantial reduction in HLA-DRB1 and HLA-DQA1 gene expression. These data suggested that CTCF and potentially XL9 were critical for expression of these and perhaps all MHC-II genes.
The question of whether CTCF was required for all MHC-II genes was addressed by using RNAi depletion. All CIITA-regulated genes within the MHC-II locus required CTCF for maximal expression [48] . The five non-CIITA genes within the locus (TAP1, TAP2, PSMB8,  PSMB9, and BRD2) were not affected by CTCF depletion. The question as to whether XL9 was the only CTCF site that interacted with MHC-II gene promoters was also addressed. Genome wide studies identified 17 CTCF sites within the human MHC-II, including XL9 [49, 50] ; however, traditional chromatin immunoprecipitation studies showed that only ten of those sites truly bound CTCF in B cells and several other cell types (Figure 1 ) [48] . Intriguingly, the validated sites resided between MHC-II subregions, such that they surrounded the subregions and for the most part isolated the CIITA-regulated genes from the others (Figure 1 ). For example, C1 and XL9 surround the HLA-DR subregion, whereas XL9 and C2 surround HLA-DQ. This may suggest that part of the duplication process that created multiple MHC-II genes may have required a CTCF site to be present during the event as it is part of the regulatory machinery.
Using chromatin conformation capture (3C) assays, procedures that allow the detection of long-range chromatin interactions [51] , two sets of interactions involving these CTCF sites were uncovered [48] . A basal state of interactions between each of the CTCF sites occurred irrespective of MHC-II gene expression and was similar in B cells and fibroblasts (Figure 3 ). For example, C1 was found to interact with its closest neighbor XL9 and to a lesser degree with C2, which is 250 kb away. Similarly XL9 could also interact with C2. The interactions appear to decrease substantially as the distances exceed 200 kb. These chromatin loops have the potential therefore to isolate the HLA-DR and HLA-DQ subregions from each other and from the non-CIITA regulated genes. As such we have termed these sites "MHC-II insulators." While the data do not distinguish between single and multiple interactions, the fact that CTCF can form homodimers suggests that only a single set of basal interactions for MHC-II insulators exists for any chromosome. However, each chromosome within a cell may have a different set of interactions. This latter concept would suggest that a population of MHC-II expressing cells would have multiple MHC-II chromatin structures.
The second set of interactions overlays the first and occurs in the transcriptionally active state (Figure 3 ). These interactions are dependent on CIITA binding at MHC-II promoters and likely include the aid of all of the factors described in the first part of this review. In this set, CIITA bound W-X-Y box DNA regions interact directly with CTCF bound MHC-II insulators. For example, CTCF bound at the C1 site interacts with the HLA-DRA proximal promoter forming a second long-range chromatin loop (Figure 3 ). Depletion of CTCF by RNAi disrupts MHC-II insulator interactions and transcription of MHC-II genes. Each CIITA bound proximal promoter region can interact with different CTCF bound MHC-II insulator regions. Again, the data do not distinguish between promoters interacting with one or more MHC-II insulators simultaneously. However, to do so would likely require that multiple binding sites are available for each interaction. Because these interactions are CIITA dependent, they are induced by IFN-γ exposure of cells, which induces the expression of CIITA. Aside from overall distance, it is not clear at this point if there are preferred combinations for MHC-II promoter regions and MHC-II insulators. While the overall functions of the MHC-II insulators appear to be similar, it is not known if some MHC-II insulators are more efficient at driving MHC-II transcription than others. If this were the case, then some MHC-II insulator-promoter interactions could result in different levels of mRNA transcribed.
Recently, cohesins have been found to be associated with 75% of genome wide CTCF sites in humans [52] [53] [54] . Cohesin is a multisubunit-ringed complex that was initially thought to only function in the pairing of sister chromatids during cell division. With the finding of cohesin subunits in all stages of the cell cycle, and its association with CTCF, it has now been shown that cohesin is necessary for the enhancer blocking activity of CTCF [53] . Thus, it was not surprising to find that cohesin was associated with each of the MHC-II insulators. It will be interesting to determine if cohesin is also required for MHC-II transcription and/or to form the architecture that is now attributed to CTCF binding at the MHC-II insulator regions. In considering the ringed structure of cohesin, it is tempting to speculate that it will provide stability to either or both sets of interactions observed in this system.
These newly described sets of interactions and dependence on CTCF for MHC-II transcription was not an expected mechanism. This raises the important question of how these structures contribute to the regulation of this system. Because CTCF bound sequences are in highly acetylated chromatin, MHC-II insulators organize the chromatin into a steadystate architecture that is readily accessible to transcriptional regulatory machinery. This is consistent with the fact that active histone marks were reduced following CTCF depletion [47] . Alternatively, the CTCF-related interactions may stabilize the association of the histone modifying complexes. Another possibility is that the MHC-II insulators may cause the formation of a transcriptional hub/factory, a location that might be associated with high concentrations of transcription components and machinery [55] . The presence of MHC-II gene promoters in transcription factories would also have the advantage of allowing these genes to be expressed efficiently.
Conclusion
The proper regulation of MHC-II genes is fundamental to achieving adaptive immunity. The system is complex with numerous pathways that not only target the modification of the transcription factors specific to the system but also the chromatin modification machinery that is required for expression. Once elucidated the components and processes in these pathways represent targets to manipulate the expression of this system in a therapeutic setting. The newly introduced role of chromatin insulators and the potential dynamic movement of MHC-II loci to structures within the nucleus also provide new insights into how genes are regulated and what the necessary steps are to coordinate the expression of a multi-gene family and biological mechanism such as antigen presentation.
Figure 1. MHC-II locus
Schematic of classical and non-classical MHC-II genes (black), MHC-II pseudo-genes (grey), and non-MHC-II genes (blue) together form a very gene dense locus on the short arm of human chromosome 6. The locus is punctuated with 10 CTCF binding sites (C1-C16; pink) including XL9.
Figure 2. Promoter proximal MHC-II regulation
Highly conserved W-X-Y box is bound by RFX, CREB, and NF-Y. They form a unique structure that is recognized by CIITA. CIITA recruits indicated transcriptional coactivators and their associated complexes that modulate the activity of the enhanceosome proteins and modify nucleosomes (ac; acetylation, me; methylation) surrounding the nucleosome free region (NFR) to regulate transcription. 19S P: 19S proteasome regulatory complex.
Figure 3. MHC-II insulator long-range looping model
In the 'OFF state', MHC-insulators bound by CTCF (orange), C1 and XL9, interact to form a chromatin loop and interaction focus. Cohesin (blue) likely encircles the interacting CTCF foci maintaining the integrity/stability of the structure or its function. When MHC-II genes are induced (ON), CIITA present at the promoters interacts with CTCF bound insulators forming a second series of interactions and sub loops. While this cartoon represents the HLA-DR subregion, additional interactions are possible with these elements [48] .
